Transmission of Human Immunodeficiency Type 1 Viruses with Intersubtype Recombinant Long Terminal Repeat Sequences  by Blackard, Jason T. et al.
q
D
l
1
r
w
v
b
s
n
s
p
d
b
i
n
w
g
o
a
C
i
H
r
t
a
Virology 254, 220–225 (1999)
Article ID viro.1998.9504, available online at http://www.idealibrary.com on
0
C
ARAPID COMMUNICATION
Transmission of Human Immunodeficiency Type 1 Viruses with Intersubtype
Recombinant Long Terminal Repeat Sequences
Jason T. Blackard,* Boris R. Renjifo,* Davis Mwakagile,† Monty A. Montano,* Wafaie W. Fawzi,‡ and M. Essex*,1
*Harvard AIDS Institute and the Department of Immunology and Infectious Diseases, and ‡Department of Nutrition, Harvard School of Public
Health, 651 Huntington Avenue, Boston, Massachusetts 02115; and †Department of Microbiology and Immunology,
Muhimbili Medical Centre, Dar Es Salaam, Tanzania
Received September 8, 1998; returned to author for revision October 12, 1998; accepted November 2, 1998
Retroviruses such as human immunodeficiency virus type 1 (HIV-1) contain two RNA strands per virion, and recombination
can occur frequently during reverse transcription. Recombination may occur between HIV-1 genomes of the same subtype
or among genomes of two or more distinct subtypes present in an individual. In the current study, we found that
recombinatorial events were not limited to viral structural genes such as gag and env, but rather, recombination could
likewise occur within the 59 long terminal repeat (LTR). Intersubtype recombinant LTRs among HIV-1 subtypes A, C, and D
were found in Tanzanian infants. By introducing novel LTR sequences, these recombinant LTR viruses may further increase
the adaptive potential and fitness of HIV-1. © 1999 Academic Press
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THuman immunodeficiency virus type 1 (HIV-1) se-
uences from around the world are extremely diverse.
istinct subtypes have been categorized based on phy-
ogenetic analyses of gag and env genes (1, 2). To date,
0 HIV-1 subtypes have been documented (3). The high
ate of mutation leading to greater genetic diversity
ithin HIV-1 may be due to the error-prone nature of the
iral reverse transcriptase enzyme. However, the recom-
ination of RNA genome strands during proviral synthe-
is has been demonstrated between different HIV ge-
omes of the same subtype or multiple distinct subtypes
imultaneously infecting a single individual (4). This may
rovide another mechanism through which HIV-1 genetic
iversity is increased. It has been reported that recom-
inant viruses account for approximately 10% of all HIV-1
solates globally (5). Notably, the relevance of recombi-
ant viruses has been demonstrated in Southeast Asia,
here an A/E recombinant virus is the most prevalent
enotype of HIV (6, 7). The HIV-1 epidemic in Tanzania,
nce attributed mainly to HIV-1 subtypes A and D, now
ppears to have a substantial presence of HIV-1 subtype
as well as recombinant viruses (8). The relevance of
ntersubtype recombination may be effectively studied in
IV-1-infected infants for multiple reasons. First, the vi-
us almost certainly came from a single source of infec-
ion—the mother. Second, HIV-1 diversity is restricted
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220hortly after perinatal infection (9) such that a virus from
he mother should represent the majority sequence in
nfected newborns. Third, the recombinant virus has to
e infectious to be transmitted to the infant.
The long terminal repeat region (LTR) of HIV-1 is es-
ential for proviral synthesis, integration of the proviral
NA into the host cell’s genome, and regulation of HIV-1
ranscription. Previously, we have shown that LTRs from
IV-1 subtypes B, C, and E contain distinct sequence
atterns within critical regulatory elements (10). For in-
tance, HIV-1 subtype C isolates typically contain three
unctional NF-kB enhancer sites while subtype B con-
ains only two. These sites serve to upregulate viral
eplication in response to the Rel family of DNA-binding
roteins in multiple cell types (11). Theoretically, this may
ead to increased fitness of viruses containing 3 NF-kB
nhancers by directly affecting viral growth and/or dis-
ase progression. As no data describing recombination
ithin the 59 LTR have been published to date, we were
nterested in determining if field isolates of HIV-1 also
xhibit intersubtype recombination in nonstructural reg-
latory regions of the genome.
Twenty-four LTR sequences (from 18 recombinant-in-
ected and 6 non-recombinant-infected Tanzanian in-
ants) were found to cluster with subtype A, C, or D
eferences (Fig. 1), confirming previous subtype classifi-
ation by analysis of the envelope gene (8). Samples
ZB0065, TZB0023, TZB0024, TZB0001, TZB0003,
ZB0020, TZB0022, TZB0067, and TZB0017 clustered with
IV-1 subtype A. Samples TZB0070, TZB0069, TZB0063,
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221RAPID COMMUNICATIONZB0071, TZB0061, TZB0048, TZB0064, TZB0019,
ZB0027, and TZB0026 clustered with subtype C. Sam-
les TZB0021, TZB0068, TZB0051, TZB0062, and TZB0052
lustered with subtype D. However, samples TZB0070,
ZB0061, TZB0071, TZB0063, and TZB0069 formed a dis-
inct subcluster (94 of 100 bootstraps) within the subtype
branch, while samples TZB0067 and TZB0017 formed a
istinct subcluster (94 of 100 bootstraps) within the A
ubtype. Samples TZB0048, TZ0062, and TZ0065 also
ppeared to be outliers within respective subtypes. The
ecombinant Identification Program (RIP) was used to
etermine if these outliers represented intersubtype LTR
ecombinants. Because some of the recombinants iden-
ified by RIP were not outliers within particular subtypes,
ll 24 LTR isolates were analyzed using RIP. Twelve of
ighteen env/gag recombinant-infected infants were
FIG. 1. Tanzania 59 LTR sequences (2392 to ;1310) were aligned in
lustal-W and compared with sequences from HIV-1 subtypes A–E. The
hylogenetic tree was generated using PAUP under the assumption of
inimum evolution with a neighbor-joining criterion (g 5 0.5, distance
easure HKY85). Subtype C references were 30 nucleotides shorter at
he 59 end of the LTR than other database references. All Tanzania
solates (indicated by the letters TZB, followed by a four-digit identifier)
elong to subtype A, C, or D. Circled names indicate intersubtype LTR
ecombinants. Only relevant bootstrap values greater than 70 (out of
00) are given.dentified as putative LTR recombinants (Table 1). Of the bix non-recombinant-infected infants, only TZB0001 was
dentified as a potential LTR recombinant using RIP.
Following RIP analysis, breakpoints for each putative
TR intersubtype recombinant were estimated. Phyloge-
etic analysis of LTR fragments upstream and down-
tream of each putative breakpoint confirmed the pres-
nce of 10 intersubtype LTR recombinant sequences.
ive samples were identified as LTR recombinants be-
ween subtypes C and D (C/D): one as C/A, two as A/D,
ne as A/C, and one as D/A/D. The 59 LTR from sample
ZB0062 actually contained two distinct breakpoints,
aking it a D/A/D recombinant. Figure 2 shows the
pproximate breakpoint for each intersubtype recombi-
ant LTR. Only two breakpoints (samples TZB0062 and
ZB0017) were identified in the modulatory/core region
2392 to 21) of the LTR, while two breakpoints (samples
ZB0065 and TZB0067) were identified within the Tar
egion (11 to 160). However, seven breakpoints (sam-
les TZB0062, TZB0048, TZB0069, TZB0063, TZB0070,
TABLE 1
Sample
Age at draw
(weeks)
LTR
subtype
env
subtype (8)
ecombinant infants
TZB0017 39 A/D* A
TZB0019 14 C A
TZB0020 14 A A
TZB0021 8 D A
TZB0022 26 A* A
TZB0023 10 A A
TZB0024 10 A A
TZB0048 51 C/A* C
TZB0061 18 C/D* D/C
TZB0062 11 D/A/D* D/A
TZB0063 9 C/D* D/C
TZB0064 14 C* D/C
TZB0065 14 A/C* A
TZB0067 14 A/D* D/A
TZB0068 14 D C
TZB0069 18 C/D* D/C
TZB0070 6 C/D* D/C
TZB0071 6 C/D* D/C
onrecombinant infants
TZB0001 25 A* A
TZB0003 6 A A
TZB0026 50 C C
TZB0027 26 C C
TZB0051 26 D D
TZB0052 14 D D
Note. “Recombinant” describes samples with evidence of intersub-
ype recombination within env or gag genes or discordant gag–env
ubtypes. Envelope data have been previously published (11). “Age at
raw” indicates the age in weeks of the infant when the sample was
rawn for sequence analysis. Asterisks indicate putative LTR recom-
inant sequences identified using the Recombination Identification
rogram (17). Only when results with both RIP and breakpoint analysis
ccurred were sequences considered to be intersubtype LTR recom-
inants of HIV-1; such intersubtype LTR recombinants are shown in
oldface.
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222 RAPID COMMUNICATIONZB0071, and TZB0061) were identified downstream of
ar, with five breakpoints occurring at approximately
100 relative to the transcription start site.
Although RIP initially suggested that samples
ZB0022, TZB0064, and TZB0001 may have been inter-
ubtype LTR recombinants, no breakpoints could be
dentified for these samples; therefore, they were not
onsidered intersubtype LTR recombinants. Thus, within
he env/gag recombinant-infected infant group, intersub-
ype LTR recombinants were identified within the 59 LTR
f 10 of 18 infants; however, no intersubtype breakpoints
ere identified in the 6 infants constituting the HIV-1-
nfected, nonrecombinant group.
All five of the C/D recombinant LTRs had approxi-
ately the same breakpoint: four had breakpoints within
nucleotides of each other (as estimated by the RIP
lignment), while the breakpoint of sample TZB0069 was
pproximately 25 nucleotides upstream of the other four.
he highly conserved nature of these recombinant C/D
FIG. 2. Schematic representation of the 59 LTR is shown with importan
equenced in this study are drawn to scale showing their relative bre
orresponding to the appropriate HIV-1 subtype (A—light diagonal, C
ndicated by two shades.TRs was demonstrated by alignment with the consen- vus C and consensus D reference sequences (Fig. 3).
pstream of the breakpoint for these five sequences
ere 53 subtype C-like nucleotides and only 6 subtype
-like nucleotides. However, downstream of the break-
oint, there were only 3 subtype C-like nucleotides and
6 subtype D-like nucleotides.
In an infant cohort infected with HIV-1 subtypes A, C,
nd D, as well as recombinant viruses, we identified the
xistence of multiple intersubtype recombinants within
onstructural regions of the HIV-1 genome, i.e., the 59
TR. In this population with evidence of recombination
ithin structural genes, 8 of 18 envelope sequences
nalyzed were intragenic recombinants (8) while 10 of 18
TR sequences were intersubtype recombinants. C/D,
/D, C/A, A/C, and D/A/D intersubtype LTR recombinants
ave been identified. When present, recombinant LTR
equences are the only readily detectable sequences
ithin the infants studied; therefore, these LTR recombi-
ant viruses described presumably represent infectious
ncer elements and regulatory regions of the LTR. All 59 LTR sequences
ts. Nonrecombinant LTR sequences are indicated by a single shade
g vertical, D—solid black) while intersubtype recombinant LTRs aret enha
akpoin
—stroniruses.
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223RAPID COMMUNICATIONPrevious studies have documented the existence of
ecombinant HIV-1 viruses based largely on env and gag
FIG. 3. The five C/D intersubtype LTR recombinants were aligned wit
f the LTR (subtype C-like), only differences with the conD reference a
ith the conC reference are shown (b). Boxed residues indicate nucleo
eference sequences. Subtype C-like nucleotides (black boxes) are fou
-like nucleotides (white boxes) are found in at least four of five recom
f subtype C-like and subtype D-like nucleotides in each region of theene sequences. A mother–infant study in Rwanda dem- nnstrated the presence of A/C viruses that were recom-
inants in gag and/or env (12), indicating that recombi-
onsensus C and consensus D reference sequences. For the 59 portion
wn (a). For the 39 portion of the LTR (subtype D-like), only differences
onserved in at least four of five LTR recombinants and only one of the
t least four of five recombinant LTRs and conC, but not conD. Subtype
LTRs and conD, but not conC. Also indicated are the relative numbers
).h the c
re sho
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binantant viruses can be transmitted perinatally and are in-
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224 RAPID COMMUNICATIONectious. Infants thus represent an ideal population in
hich to study the biological consequences of recombi-
ation within the HIV-1 genome. The functional relevance
f intersubtype LTR recombinants has not been ad-
ressed here; however, different arrangements of en-
ancer elements and/or changes in the copy number of
mportant protein binding motifs may represent adapta-
ions of the viral LTR to particular host pressures. In other
etroviruses, LTR sequences have also been shown to
ontain determinants important to cell tropism, trans-
orming potential, and disease phenotype (13). By creat-
ng novel enhancer configurations, recombination within
he HIV-1 LTR may increase its adaptive and/or evolu-
ionary potential in multiple biologically relevant man-
ers.
Although recombination within the LTR may be a ran-
om process, selective pressures acting on recombinant
egulatory regions may generate viruses with increased
itness. For example, HIV-1 subtype C now accounts for
pproximately half of all infections in the world (14),
uggesting that genomic sequences within subtype C
ay represent an important component contributing to
ts epidemic spread (15). There may also be a propensity
or certain regions of subtype C genomes to survive
ollowing recombination. For example, we have previ-
usly shown that LTR sequences from HIV-1 subtype C
ontain three functional NF-kB enhancers, whereas
ther HIV-1 subtypes have only one or two (10). Changes
n the copy number of NF-kB enhancers were also ob-
erved to correlate with divergent LTR activation in re-
ponse to Rel-p65 protein. Since this enhancer is known
o upregulate viral replication in several cell types, a
irus containing three NF-kB enhancers may have a
itness advantage over other viruses. Recombinant
vents that occur between non-C subtypes—A and D in
his instance—and subtype C viruses may act to pre-
erve the three NF-kB enhancers of subtype C isolates
hile leaving other cellular and viral protein binding
otifs elsewhere within the genome unmodified. This
cquisition of an additional NF-kB enhancer may par-
ially explain the presence of a large number of C/D
ecombinant LTRs in Tanzania (as well as the C/A LTR
ecombinant that preserves three NF-kB enhancers). By
cquiring an additional NF-kB enhancer through recom-
ination with expanding subtype C viruses, subtype A
nd D viruses in Tanzania may have gained increased
bility to replicate in activated cell types with high en-
ogenous levels of Rel-family proteins. Conservation of
ubtype-specific nucleotides in both the subtype C and
ubtype D regions of these C/D recombinants supports
he idea that these sequences are related. Because
hese five C/D LTRs also appear to contain the same
ecombinant C/D envelope with the same breakpoint
Renjifo, unpublished), the possibility that they represent
single recombination event that occurred previously
nd was independently transmitted to multiple persons, wncluding the Tanzanian infants in the current study, must
e considered. This supports the idea that these recom-
inant viruses are just as able to survive in the studied
opulation as their nonrecombinant counterparts. The
wo A/D recombinant LTRs also appear to have very
imilar breakpoints—within 11 nucleotides of one
nother—suggestive that they too may also have arisen
rom a single recombinatorial event. As the other three
ntersubtype LTR recombinants do not share common
reakpoints, they most likely represent independent re-
ombination events.
In conclusion, we find that recombination can occur
ithin the 59 LTR of HIV-1. Such LTR recombinant viruses
an be transmitted in a population of HIV-1-infected in-
ividuals, have occurred multiple times, and may expand
he adaptive potential of HIV-1 recombinant genomes.
Whole blood was collected from infants ranging from 6
o 51 weeks of age whose mothers are participating in a
andomized trial of vitamin supplements in the preven-
ion of perinatal transmission in Dar es Salaam, Tanzania
Table 1). Peripheral blood mononuclear cells (PBMCs)
ere separated by centrifugation on Ficoll density gra-
ients. For polymerase chain reaction (PCR) amplifica-
ions, DNA from PBMC crude cell lysates was used. In a
revious study by our laboratory, the envelope se-
uences (650 nucleotides) from 71 infants were ana-
yzed, indicating a high prevalence of HIV-1 subtypes A,
, and D as well as recombinant envelope viruses (8).
ighteen infants shown to be infected with recombinant
iruses in the previous study or others subsequently
hown to be infected with recombinant gag viruses
nd/or having discordant gag–env subtypes were se-
ected for further analysis. An additional six HIV-1-posi-
ive infants (two each of subtypes A, C, and D) showing
o evidence of infection with recombinant viruses were
lso selected for inclusion as reference local genotypes.
A 720-nucleotide fragment including the 59 LTR and
he 59 untranslated region (UTR) was amplified using a
eminested PCR. Primers used for the first-round ampli-
ication were LTR-A (59-CAAGGATCCTTCCC TGATTG-
CAGAACTAC-39) (nucleotides 9147–9177 according to
umber of HxB2) and PBS-B (59-CTTAATACTGACGC-
CTCGCACCCAT-39) (nucleotides 816–790). Primers for
he second-round amplification were LTR-A and PBS-D
59-CTCTCCTTCTAGCCTCCGCTAGTC-39) (nucleotides
88–764). The LTR was purified and ligated into the
CR2.1-TOPO vector for sequencing using an ABI373
utomated sequencer. Three to six clones per sample
ere analyzed and used to obtain a consensus se-
uence for each LTR isolate. Consensus LTR sequences
ere aligned in Clustal-W (16) and compared with refer-
nce sequences (A: conA, U455, 92UG037; B: conB,
XB2, RF; C: conC, 92BR025, 93MW959; D: conD, Z2Z6,
L1; E: conE, 93TH253, 90CR402) to assign an HIV-1
ubtype. All sequences were analyzed using the RIP (17)
ith a 100-bp window and gap stripping. Using the RIP
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225RAPID COMMUNICATIONlignment, breakpoints for putative intersubtype LTR re-
ombinant sequences were estimated. Further phyloge-
etic analyses with HIV-1 subtype A, C, and D references
ere performed to confirm that sequences upstream (59)
f the recombinant breakpoint belonged to one subtype
hile sequences downstream (39) of the breakpoint be-
onged to a different subtype. Only when agreement
ccurred between both RIP and the breakpoint analysis
ere sequences considered to be intersubtype LTR re-
ombinants. Sequences were submitted to Genbank un-
er Accession Nos. AF096633–AF096657.
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